HbA1c is a widely utilized biomarker for the management of diabetes mellitus. The presence of variant hemoglobins might interfere with HbA1c measurement using different methods. We herein describe Hb Agenogi (β90Glu → Lys) with type 2 diabetes mellitus whose HbA1c measured by immunoassay (IA) showed falsely high levels while HbA1c measured by highperformance liquid chromatography (HPLC) in the standard mode (SM) showed falsely low levels. To clarify the cause of the falsely high-IA-HbA1c levels, HbA1c was measured by various methods. Glycated albumin was slightly higher than the reference range. HbA1c measured by HPLC in the variant mode, affinity assay and enzymatic assay showed the range (mean ± 2SD: 6.0-6.8%) in this case. However, HbA1c measured by several HPLC-SMs showed falsely low levels (4.1-4.4%). IA-HbA1c using an antibody manufactured by Fujirebio Inc. showed falsely high levels (7.3-8.2%); whereas, IA-HbA1c using an antibody manufactured by Roche Ltd. showed the expected range (6.2-6.5%). In the case of Hb Agenogi, IA-HbA1c using an antibody manufactured by Fujirebio yielded falsely high levels. The mutation at codon 90 of the β-globin chain might enhance antigenicity of the N-terminal peptide region and, therefore, lead to falsely high-HbA1c levels in IA-HbA1c.
Introduction
Currently, HbA1c is widely used for the target value of glycemic control or for diagnosis of diabetes mellitus, the gold standard indicator of glycemic control [1] , but there are both biological and analytical interference. It is known that inaccurate HbA1c values are observed in various hematologic diseases and that HbA1c does not accurately reflect glycemic control in such diseases [2] . Variant hemoglobin is one of the several conditions with inaccurate HbA1c values [3] .
To date, more than 1300 types of variant hemoglobin have been reported [4] . Among hematologic diseases such as anemia and polycythemia, variant hemoglobin was originally found as a disease caused by a mutation of globin gene. Increasing numbers of subjects are being detected with variant hemoglobin that is associated with inaccurate HbA1c values; however, most such subjects are asymptomatic [3, 5, 6] . Inaccurate HbA1c values observed in subjects with variant hemoglobin are mostly due to a difference in mobility in high-performance liquid chromatography (HPLC). Therefore, if HbA1c is measured by immunoassay, correct values may be obtained in the most variant hemoglobin. However, when variant hemoglobin is accompanied by unstable hemoglobin, abnormal glycation, or abnormal antigenicity, inaccurate HbA1c results are also observed when they are measured by immunoassay [3, 5, 7, 8] .
We herein describe a case of variant hemoglobin with type 2 diabetes mellitus showing falsely high-HbA1c levels measured by an immunoassay (IA-HbA1c) using Determiner L HbA1c (Kyowa Medex, Co., Tokyo, Japan). IA-HbA1c value in this case was higher than HbA1c estimated by the average plasma glucose suggesting the presence of a falsely high value shown in the Results section. To determine the cause of the falsely high-IA-HbA1c levels, we measured the HbA1c levels in this case by various methods.
Patient and methods

Patient
The patient is a 77-year-old male. In 2010, he visited Yamane Hospital because he was pointed out 130 mg/dl of fasting plasma glucose (FPG) and 7.8% of immunoassay (IA)-HbA1c in health checkup. He was diagnosed as type 2 diabetes mellitus and improved his lifestyle by diet therapy and exercise therapy. Although glycemic control appeared to improve based on the lower random plasma glucose and the glycated albumin results, HbA1c results among different methods were discordant.
Laboratory analysis
PCR amplification was performed with DNA extracted from white blood cells for sequencing all α1-, α2-, and β-chain exons in the globin gene by direct sequencing assay.
HbA1c was measured by the following systems and reagents (Table 1) . HA-8170, HA-8181 (Arkray, Inc., Kyoto, Japan), HLC-723G8, HLC-723G9, HLC-723G11 (Tosoh, Co., Tokyo, Japan), and Rapid column A1c (Sekisui Medical, Co., Tokyo, Japan) were used for HPLC assay in standard mode (SM). HA-8180T (Arkray Inc., Kyoto, Japan), HLC-723G8, HLC-723GX (Tosoh, Co., Tokyo, Japan), and the Variant II Turbo system (BioRad Laboratories, Inc., CA, USA) were used for HPLC assay in variant mode (VM). Determiner L HbA1c (Kyowa Medex, Co., Tokyo, Japan), Rapidia Auto HbA1c (Fujirebio, Inc., Tokyo, Japan), Banalyst HbA1c (Arkray, Inc., Kyoto, Japan), Celltac Chemi (Nihon Kohden, Co., Tokyo, Japan), Cobas Reagent HbA1c III (Roche Diagnostics, K.K., Tokyo, Japan), and Vitros chemistry products HbA1c reagent kit (Ortho Clinical Diagnostics, Inc., NJ, USA) were used for immunoassay. Antibodies in the former 4 kits (Determiner L HbA1c, Rapidia Auto HbA1c, Banalyst HbA1c, and Celltac Chemi) and the latter 2 kits (Cobas Reagent HbA1c III and Vitros chemistry products HbA1c reagent kit) were manufactured by Fujirebio Inc. and Roche K.K., respectively. Norudia N HbA1c (Sekisui Medical Co., Tokyo, Japan), CinQ HbA1c (Arkray Inc., Kyoto, Japan), and Metabolead HbA1c (Kyowa Medex, Co., Tokyo, Japan) were used for enzymatic assay. HLC-723G8 in affinity mode (Tosoh, Co., Tokyo, Japan) was used for affinity assay. HbA1c values were subsequently converted to National Glycohemoglobin Standardization Program (NGSP) equivalent values in compliance with the official equation [9] . Ethical approval to perform the aforementioned tests was obtained from the Ethical Committee of Yamane Hospital (date of approval at 20th June 2016; approval no. Ya-201660A). The patient received a sufficient explanation about the significance and method of these analyses including globin gene analysis and the measurement of HbA1c by various methods before agreeing to sign the consent form.
Results
In the clinical course of this case, a falsely high value of IA-HbA1c was suggested. Therefore, diurnal fluctuations of plasma glucose levels (measured 7 times a day; before and 2 h after every meal as well as at bedtime) were examined and the average plasma glucose level was 158 mg/dl. The HbA1c levels estimated from the average plasma glucose level by the Nathan's formula [estimated HbA1c (%) = mean plasma glucose (mg/dl) + 46.7/28.7] [10] was 7.1%. IAHbA1c at that time was 8.1%. This finding suggested falsely high-IA-HbA1c levels in this case.
Variant hemoglobin was strongly suspected from the dissociation between IA-HbA1c and HPLC-SM-HbA1c in this case. Analysis of the globin gene revealed a heterozygous mutation at β codon 90 of Glu (GAG) → Lys (AAG) and the patient was diagnosed with Hb Agenogi [11] .
When HbA1c was measured by various methods, glycated albumin level was 20.4% (the reference range: 11-16%). HbA1c levels measured using HPLC-VM (HPLC-VMHbA1c) (HA-8180T, HLC-723G8, HLC-723GX, and the Variant II Turbo) were 6.2-6.6% (Table 1 ). Although abnormal peak was not observed in HPLC-SM (HLC-723G8) chromatogram (Fig. 1b) , abnormal peak of variant hemoglobin (HbX0) was observed later than HbA0 in HPLC-VM (HLC-723GX) chromatogram (Fig. 1d) . As Hb Agenogi is slow-moving variant hemoglobin [11] , HPLC-VM-HbA1c is more likely to produce a correct value. HPLC-VM-HbA1c measured using 4 different instruments was 6.4 ± 0.2% (mean ± SD). The expected range for HbA1c values in this case was set to 6.0-6.8% (mean ± 2SD), and values less than 6.0% and more than 6.8% were considered to be falsely low and falsely high, respectively. HbA1c values measured by enzymatic assay (EA-HbA1c) and affinity assay (AfHbA1c) were found to be 6.4-6.7% and 6.7%, respectively, both being the expected range. HPLC-SM-HbA1c was found to be falsely low (4.0-4.4%). Due to difference in antibodies utilized, IA-HbA1c levels showed falsely high (7.3-8.2%) when an antibody manufactured by Fujirebio was used (Determiner L HbA1c, Rapidia Auto HbA1c, Banalyst HbA1c and Celltac Chemi) and showed the expected range (6.0-6.8%) when an antibody manufactured by Roche was used (Cobas Reagent HbA1c III and BistroMicrochip HbA1c).
Discussion
Falsely high-immunoassay results with methods using the Fujirebio antibody and falsely low HPLC in standard mode were observed in a case of Hb Agenogi. Hb Agenogi is asymptomatic variant hemoglobin which was first reported in 1966 by Miyaji et al. [11] . They already reported that Hb Agenogi is slow-moving variant hemoglobin. However, HbA1c value in Hb Agenogi has not been reported until now. Most cases of variant hemoglobin show falsely low-HPLC-SM-HbA1c levels and normal IA-HbA1c levels. To elucidate the mechanism that underlies falsely high-IA-HbA1c values in a case of Hb Agenogi, various HbA1c measurements were performed on the same specimen. EAHbA1c and IA-HbA1c using an antibody manufactured by Roche showed the expected results in this case; whereas, IA-HbA1c using an antibody manufactured by Fujirebio showed falsely high. These results lead to the hypothesis that the mutation at the 90th amino acid position of the β-globin chain modified the antigenicity of the N-terminal peptide resulting in falsely high-IA-HbA1c values.
Enhanced glycation or enhanced antigenicity is potential mechanism underlying falsely high-IA-HbA1c values. The former would lead EA-HbA1c values and Af-HbA1c values to be similarly influenced and the later would only affect IA-HbA1c values. In this case, only IA-HbA1c values were observed to be falsely high making the enhanced antigenicity hypothesis more likely. Enzymatic assay depend on enzymatic reactions after cleavage at the 2nd and 3rd amino acid position; therefore, mutations affecting amino acids after the third position would not be expected to affect EA-HbA1c values. Consequently, EA-HbA1c values were within the expected range in this case.
For most variant hemoglobin, IA-HbA1c and EAHbA1c values provide similar results. An examination of the literature reveals IA-HbA1c and EA-HbA1c values to be different exclusively in the variant hemoglobin Hb Himeji (β140Ala → Asp) [7] and HbC (β6Glu → Lys) [8] . Hb Himeji has been reported as variant hemoglobin with enhanced glycation [12] . Consequently, both IA-HbA1c and EA-HbA1c values should theoretically be identically elevated; however, the authors found that the results that were higher using IA in cases of Hb Himeji [7] . HbA1c values measured by the IFCC method results agreeing with EA-HbA1c and IA-HbA1c values were found to be comparatively high. This indicates that Hb Himeji enhances not only glycation, but also antigenicity [7] .
Adult hemoglobin has a tetramer structure composed of two α-subunits and two β-subunits. The α-subunit consists of 141 amino acids and the β-subunit consists of 146 amino acids. Hb Agenogi has a mutation at the 90th amino acid of the β-globin chain, and the 90th amino acid is close enough to the N-terminal peptide [13] to affect results using some IA methods, depending on the specificity of the antibody. The substitution at the 90th amino acid position appears to enhance, therefore, presumed to enhance the antigenicity of the N-terminal peptide. Accurate IA-HbA1c levels using antibodies manufactured by Roche hint that the antigenicity in the peptide region proximal to the 6th position has possibly increased.
Diagnostic guidelines in Europe and the United State recently allow a diagnosis of diabetes mellitus based solely on HbA1c. However, the susceptibility of HbA1c measurements to falsely high values creates a risk of non-diabetic subjects being prescribed diabetes medication [1] . Moreover, even in cases of diabetes, using HbA1c to guide glycemic control might lead to over treatment and subsequent iatrogenic hypoglycemia. Diagnostic guidelines of diabetes mellitus in Japan do not permit a diabetes diagnosis based solely on HbA1c values and it is essential to recognize hyperglycemia of fasting plasma glucose, 75 g OGTT 2-h, or casual plasma glucose [14] . However, there exist reports of falsely elevated HbA1c values leading the prescription of oral diabetes medication in non-diabetic subjects in Japan [8, 15] . Immunoassays permit analysis of a large number of specimens in a short time. However, physicians need to be aware of interferences of HbA1c measurement by variant hemoglobin and compare HbA1c results to other patient information or test results to avoid misdiagnosis or incorrect treatment.
Glycated albumin is known to be unaffected in cases of variant hemoglobin and anemia [2] . Glycated albumin accurately reflected plasma glucose levels in these cases. Most variant hemoglobins are clinically asymptomatic with blood tests revealing no abnormalities. The mechanisms that underlie inaccurate HbA1c values in variant hemoglobin are too many to allow a universal HbA1c measurement method in all the variant hemoglobins. Therefore, glycemic control in cases of variant hemoglobin should be guided by glycated albumin. An alternative recourse is to accurately diagnose the variant hemoglobin and find an unaffected HbA1c measurement method.
IA-HbA1c values in Hb Agenogi were found to be falsely high. HbA1c measurements were performed using a variety of methods. EA-HbA1c and IA-HbA1c using an antibody manufactured by Roche yielded correct values; whereas, IA-HbA1c using an antibody manufactured by Fujirebio yielded falsely high values. The above results suggest that the mutation at the 90th amino acid position of the β-globin chain modified the antigenicity of the N-terminal peptide (around the 6th amino acid) resulting in falsely high-IAHbA1c values. a substitute for it was obtained from all patients prior to their participation in this study.
